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Figure 1. The main classes (Class I, ClasslII,
Class T and ClassIl) and domains (a, B and y) of
terpenoid synthases™”.
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Table 1. The functions and applications of different terpenoids
Applications Terpenoids Functions References
Medical field Paclitaxel Treatment of ovarian cancer, breast cancer etc. [7]
Cucurbitacin E Treatment of breast cancer, liver cancer etc. [8]
. . . Anti-inflammation, anti-allergy, anti-virus, treatment of leukemia,
Triterpenoid saponin [l
blood sugar etc.
Ginsenoside CK Anti-phlogistic, anti-cancer etc. [10]
[-carotene Anti-oxidant, anti-cancer etc. [11]
Perfume cosmetics  Perilla alcohol Food flavour [12]
Linalool Essential oil [13]
Menthol Food perfumer [14]
Limonene Essential oil , food perfumer and anti-cancer [15]
Fuel substitute Farnesene Biofuel precursor [16]
Bisabolene Advanced biofuel precursor [17]
Carbon Terpene Linear isoprenoid precursor Synthase Domain
atoms prefix class architecture
5 [ /I\/\OPP )I\/\OPP op
Dimetylallyl diphosphate Isopentenyl diphosphate
(DMAPP) (IPP)
10 mono- "E)I M/\OPP up
Geranyl diphosphate (GPP)
+IpPP ~
15 sesqui- X = X-opp IS I 0. o
Farnesyl diphosphate (FPP) af, afy
+HIPP
20 di- [ X X X ~"0opp LT o, oo
Geranylfarnesy! diphosphate (GGPP) afy
E)PP
25 sester- R x x X Xopp LI 0, oo
Geranylfarnesyl diphosphate (GFPP)
30 tri- X S X x S S -« I By. apy

Squalene

B2 FEXEKEEMSE. SHEEM. BILKYRAERNEYE

Figure 2. Classification of terpenoid synthase, structure domain composition, catalytic substrates and corresponding

products..
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Table 2.

B € [a) 1 1L B9 AN [B) 3R %
Different strategies for directed evolution of enzymes

Classifications Strageties Requirements

Applications References

Non-rational ~ Site-specific  No protein sequences,
design mutagenesis  structure-function relationships
Saturation No protein sequences,
mutagenesis  structure-function relationships
epPCR No protein sequences,
structure-function relationships
DNA No protein sequences,
shuffling structure-function relationships
SeSam No protein sequences,
structure-function relationships
Rational Computer- Systematically analyzing the
design assisted codependencies between the
rational lengths andpacking geometry of
design successive secondary structure
elements and the backbone torsion
angles of the loop linking them
Semi-rational REAP Phylogenetic analysis
design
ProSAR Sequence-activity data set

Know\olution Structural model

SCSM Structural model
DCSM Structural model
TCSM Structural model

Identification a key active site residue (Tyr to Val) [19]
that influences the stereochemistry of enoylreduction
Enhancing the enantioselective mutants of the thermally [20]
robust phenyl acetone monooxygenase (PAMO)

Enhancing the enantioselectivity of an epoxide [21]
hydrolase

Generating highly recombined genes and evolved [22]
enzymes

A novel method for directed evolution that truly [23]
randomizes a target sequence at every single

nucleotide position

Providing the foundation for custom design of protein [24]
structures performing desired functions

Engineering polymerases to accept [25]
dNTP-ONH2
Improving the productivity of a halohydrin [26]

dehalogenase

Reducing oxygen dependency and increasing specific [27-28]
activity of a glucose oxidase

Enhancing or inverting the stereoselectivity of enzymes [29-30]
for use in organic chemistry or biotechnology

Exploring the efficacy of double code saturation [31]
mutagenesis (DCSM) in which the reduced amino

acid alphabet comprises

Efficient tuning of the stereoselectivity of an epoxide [32-33]
hydrolase

REAP: Reconstructed evolutionary adaptive path, ProSAR: Protein sequence activity relationship analysis.

KnowWolution: Knowledge gaining directed eVolution; SeSaM:

Based strategy.
Sequence saturation mutagenesis; SCSM: single code saturation

matugenesis; DCSM: double code saturation matugenesis; TCSM: triple code saturation matugenesis.
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ST AR . QMIMM 2555, XA 5T (X Ja
AT m Pk, Hep LimS region 2 (S454G,
C457V,M458I) XM iy it 3§ T} PinS
region 1 (C373l, H374A, 1375L), PinS region 2
(S4811, H483G, R484P, S4861) XJEHs4 i)
A TE YA B 520 5 FenS region 1 (T3441) . FenS
region 2 (T450G, C451G, T453V)% i & A i i
TG S0 P, SR AP R ARG I B T A, XSk
BER N FAE AL R 5 PR BT BEE TR,
(7 If 0 10— 20 B BH RT3 31 2540 5 T RE 2 TA) Y K6
R

Daisuke Umeno BRI H JE I 555 PCR 1Y
R X IR B i A AL 25 A S8R (o-domain
residues 311 to 629)i4 7 Mk, LIZSEHE M
A BN R TR IR, i B A B E )
i e 3 SR AR, 83k P A 7 2 e 28 DA 5 AAE A e

P HH A AL PR TR B BB (PS> ™), Z )
AR TR MEV BRMEE, FRBIREGS
JOS T 58 A5 R (PS>0 470 IV I S B L
(Abies grandis, AgGPPS)fl&Rik, JRMA N
150 mg/L, Lt PSwt (20 mg/L)i 6 {5250, % 4/
] FAA ™ AR S5 e [ kA ) 5491

& 3. TREMRIRMNBERLEE/SREBHERFY
5{R<F 5 Z 8 b3t B

Table 3. Native vs consensus sequences of the
targeted enzymes from different plant mTC/SB4
Targeted enzymes  Region 1 Region2 Region 3
Consensus IALIT IGGPVI ARMAQFMY
LimS NALIT ISGPCM GRMAQLMY
PinS CHIT SGHRVS SRAFHCGY
FenS IALTT ITCPTI  GRVANLAY

LimS: limonene synthase from Mentha spicata; PinS: a-pinene
synthase from Pinus taeda; FenS: fenchol synthase from
Lavandula viridis. Each residue targeted by mutagenesisis
marked in underline.

x4 TERE BB E RBEILAISEHG

Table 4.

Examples of directed evolution of terpenoid synthases

Names Strategies  Sites Applications

Results or titer/(mg/L) References

Geraniol

mutation D501A

Site-directed CrGES' """ The H-bonds between Asp/Tyr and the

The mutations of CrGESY**ADS0IA 137]

phosphate groups not only play an important significantly decreased the affinity
role to geraniol formation, but also provide
important clues for other monterpene
synthases characterization and further

of GPP and geraniol synthase,
consequently reducing geraniol
production than the wild-type

optimization in a more rational way

Lycopene Site-directed Crte®®', To obtain solely phytoene synthase function 1610 [38]
mutation  CrtYB11M™WS! and further increase the FPP competitiveness
R.S2105G1221A  of  the lycopene synthesis pathway,

enhancing the catalytic performance of CrtE
and CrtYB11M by directed evolution

Trichodiene Site-directed TDSN?25P-5229T-
mutation ~ NZZDIS29TY2%F hy directed evolution

S-Limonene Site-directed LSN3#A/L423AS
mutation AN gutting

Exploring different TDS cyclization products The content of terpenoids that [39]

contain B-farnesene, bisabolene,
cuprenene, B-bisabolene,
trichodiene, which has significantly
differences from wild-type and
mutant trichodiene synthases

Revealing the plasticity of the active site and S-limonene synthase can transform [40]
forward  S-limonene

synthetase limonene into pinene or

(N345) of the polar amino acid sites is very phellandrene by directed evolution
important to the synthesis of limonene

http://journals.im.ac.cn/actamicrocn
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Figure 3. A flow diagram of the homologous modeling, creation and screening of mutant libraries of terpenoid
synthases.
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Innovations for directed evolution of terpenoid synthases

Zhihui Hu, Yanru Weng, Bingxu Chen, Aiqun Yu, Dongguang Xiao"

Key Laboratory of Industrial Fermentation Microbiology, Ministry of Education, College of Biotechnology, Tianjin
University of Science & Technology, Tianjin Engineering Research Center of Microbial Metabolism and Fermentation
Process Control, Tianjin 300457, China

Abstract: Terpenoids are mostly existing compounds in natural products like plants and microorganisms. The
application prospect of terpenoids attracts much attention owing to more and more valuable terpenoids
discovered. However, limited yield and high extraction cost of terpenoids restrict their wide applications. The rise
of synthetic biology has provided new ideas for biosynthesis of valuable terpenoids using targeted and high
efficient microbial cell factories. Although terpenoid synthases are widely used as target enzymes in metabolic
regulation of terpenoids biosynthesis, many natural terpenoid synthases have some disadvantages, such as
insufficient catalytic activity, poor substrate specificity, poor regio- or stereoselectivity, poor stability and so on,
which unfavorably affect the yield of terpenoids. To solve above problems, directed evolution of terpenoid
synthases has been applied, which will have profound impact on biosynthesis of terpenoids by microbial cell
factories. This review summarizes recent advances and their applications in directed evolution of enzymes.
Meanwhile, the strategies for directed evolution of terpenoid synthases are proposed.
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